Controlled self-organization of nanoparticles can lead to new materials. The colloidal crystallization of non-spherical nanocrystals is a reaction channel in many crystallization reactions. With additives, selforganization can be stopped at an intermediary step-a mesocrystalin which the primary units can still be identified. Mesocrystals were observed for various systems as kinetically metastable species or as intermediates in a crystallization reaction leading to single crystals with typical defects and inclusions. The control forces and mechanism of mesocrystal formation are largely unknown, but several mesocrystal properties are known. Mesocrystals are exiting examples of nonclassical crystallization, which does not proceed through ion-byion attachment, but by a modular nanobuilding-block route. This path makes crystallization more independent of ion products or molecular solubility, it occurs without pH or osmotic pressure changes, and opens new strategies for crystal morphogenesis.
Introduction
Alignment of nanoparticle building blocks into ordered superstructures by bottom up approaches is one of the key topics of modern colloid and materials chemistry. [1] In this area, much can be learned from the processes of biominer alization, which lead to well defined organic inorganic hybrid materials with superior materials properties, complex mor phologies. and hierarchical order. [2 4] Biominerals are often single crystals with amazingly complex morphologies such as the hammer shaped building units of coccoliths [5] or the skeletal plates of sea urchins. [6] Although it is known that organic scaffolds, as in the case of coccoliths, play an important role, [5] the actual crystallization mechanism of the inorganic phase remains largely unexplored. Recently, increasing evidence was found that biomineralization takes place through amorphous precursor particles, for example, as reported for sea urchin spines. [7] In this way large amounts of material can be stored in metastable precursor particles, which are readily available to a crystallization event in a confined reaction environment. Further advantages of this crystallization pathway are highly efficient mass fluxes that are independent of solubility products, the coupled high crystallization speeds, and crystallization without change of the pH value and the osmotic pressure. These are key features for mineralization especially in biological systems. This pathway is in stark contrast to the classical crystallization, which postulates an ion by ion or single molecule attachment to a critical crystal nucleus and is therefore bound to solubility products and diffusion limitations. Mesoscale transformation processes towards crystalline phases were recently reviewed. [8] By mesoscale transformation, not only single crystals with complex morphologies but also superstructures made up of nanoparticles interspaced by organic additives can be formed. The fusion of the building blocks leads to single crystalline structures with included organic additives as defects. Support for this view comes from biomineral examples, which, although single crystalline, often con tain minor amounts of included biopo lymers. This inclusion is not under standable from the viewpoint of an ion mediated crystallization process, as additives are generally considered to adsorb at edges and kinks of the developing crystal surface stopping it from further growth. [9] Mesocrystal formation and the process of mesoscale transformation seem, however, not to be limited only to biominerals. It looks like nature only employs this advanta geous physico chemical construction principle, gaining speed and flexibility of construction. For example, similar to biomineralization, inclusions of additives up to 30 wt % are observed in synthetically grown crystals, too. [10, 11] Revisiting the existing literature shows indeed that comparable obser vations have been made in synthetic inorganic chemistry much earlier, even in the absence of additives, [12, 13] and the question can be raised if precursor particles and their superstructures also play a role at least as intermediates in crystallization in a much broader context.
In this Review we revisit the existing literature and examine it from the viewpoint of nonclassical, nanoparticle mediated crystallization. A mesocrystal in this context is defined as a superstructure of crystalline nanoparticles with external crystal faces on the scale of some hundred nano meters to micrometers (Figure 1 ).
Mesocrystal intermediates can also lead by fusion to the formation of single crystals with included organic additives, sometimes allowing the observation of highly oriented nano particle based intermediates. This scenario is shown in Figure 1 .
It has to be noted that the term "mesocrystal" has already been used in the literature, but in the less restricted sense of a mutual three dimensional translational order of various nanocrystals. As templates, pore systems of the MCM 41 (Figure 3 , left). Clearly, the mutual interaction forces drive the single nanoparticles to form a hexagonal superstructure. It is remarkable that CeO 2 possesses a primitive triclinic unit cell, that is, it has especially no hexagonal symmetry axis. It will be shown below that mesocrystals very often have a higher symmetry than their constituting tectons. This occurrence is speculatively assigned to multiple twinning of primitive units and the resulting symmetry average on the mesoscale. [30] In these early experi ments, the hexagon superstructure however just represented a minor part of the precipitates and its formation mechanism remained as unclear as for the rods shown in Figure 1 . Nevertheless, it was an early observation of crystalline superstructures with an external structure and symmetry differing from that of the nanoparticle building units, but with a not too well ordered nanoparticle interior. For the sake of completeness, it should be mentioned that very similar observations on the oriented aggregation of CuO were just recently published, [31] however with a more precise view of the relevant phenomena. As early as 1986, mesocrystals with even higher definition were reported for CaCO 3 made in silica gels. [32] In this case, fibers built from a set of cleaved calcite rhombohedra arranged along their c axis were reported. Although each fiber was an aggregate of crystalline subunits, the observed behavior by polarization microscopy was that of a single crystal indicating the high orientational alignment of the subunits in this one dimensional mesocrystal. [32] Interestingly, these mesocrystal fibers were only an outer part of a hierarchical structure, the so called "sheaf of wheat" mor phology. [32] From different sheaves, mesocrystal fibers with a very different morphology radially splayed out from the sheaf center. Again, the mesocrystals behaved like single crystals in polarization microscopy and exhibited a complicated mor phology ( Figure 4 ). The reason for this unusual aggregate morphology remained unexplained, although the morpho genesis process was assumed to be of importance.
Such work has stimulated experiments where otherwise stable nanoparticles of anatase were destabilized in a controlled fashion, either by hydrothermal treatment [33] or by the addition of face specific organic molecules called "assemblers". [34, 35] Indeed, a few years ago, the first nano particle based structuration mechanism was identified. [33] In this so called "oriented attachment", nanoparticles fuse together with their high energy surfaces under crystallo graphic fusion and elimination of the high energy faces under energy gain, thus creating extended structures. [33] Addition of assembler throughout this process even improves the control [13] with kind permission of the American Chemi cal Society. Right: CuO particle aggregates obtained via double jet pre cipitation, [29] reproduced with permission from Academic Press. over the aggregation process; [34, 35] similar levels of control were also found with polymeric additives. [36 39] Such an oriented attachment mechanism was then suggested also to hold true for iron hydroxide biomineralization products. [40] 3. One-and Two-Dimensional Mesocrystals One and two dimensional particle arrays such as those shown above were also reported by Mann and co workers but in a difference to the previous studies, they used a surfactant microemulsion mediated approach. In this case, presumably a combined action of nanoparticle crystallization and surfactant interactions led to the self assembly of these remarkable low dimensional structures, and a surfactant mediated aggrega tion mechanism was suggested for the growth of these structures, as shown in Figure 5 . [41] The structures shown in Figure 5 quite nicely illustrate some of the building principles of mesocrystals (shown as a sketch in Figure 1 ) in one or two dimensions: the primary crystalline building blocks are mutually aligned, following common crystallographic coordinates. The structure in itself is not exactly crystalline, as minor differences in length or size are tolerated and taken up in the structure. It is a mutual self organization principle, which can tolerate lattice defects.
Three-Dimensional Mesocrystals
Examinations on defined particle aggregation by hydro philic molecules [42] or double hydrophilic block copolymers (DHBCs) as especially powerful surface active agents to control crystallization and superstructure formation of inor ganic compounds, [43] have subsequently multiplied the reported observations of diverse mesocrystal systems. Herein, it will be shown that the restrictions on additive design for mesocrystal formation are not too strict, as even just a preferential attachment to specific surfaces of the primary crystals can lead to strongly anisotropic mutual interactions. Among these interactions, dipole fields were first suggested by Busch, Kniep, et al. to be of importance for the structuration process of inorganic matter. [44, 45] The formation mechanisms of three dimensional meso crystals are largely unexplored. One of the difficulties maybe the high lattice energy of inorganic crystals, which in many cases leads to the crystallographic fusion of the oriented nanocrystal building units to a single crystal ( Figure 1 ) through the three dimensional oriented attachment mecha nism. [33] Another difficulty maybe the homogeneous aqueous environment, where it is difficult to predict how hydrophilic nanoparticles can be arranged to defined three dimensional mesocrystals. Herein we will try to reveal a general meso crystal formation mechanism, that is clearly distinguishable from the default case of uncontrolled primary particle aggregation.
One of the first three dimensional mesocrystals and probably the most perfect to date was reported by Busch and Kniep in form of an elongated, hexagonal prismatic fluoroapatite seed crystal formed in a double diffusion experiment at ambient temperature in a gelatine gel ( Figure 6 ). [44 46] The hexagonal seed crystal was not directly recognizable as a mesocrystal, as it showed a well facetted, single crystal like morphology ( Figure 6 ). Even X ray dif fraction showed features of a fluorapatite single crystal oriented along the c axis, [47, 48] because of the very high vectorial order of its nanoparticulate building units. Although the hexagonal crystals contain approximately 2 wt % intra crystalline gelatine, the polymer does not modulate the crystal structure, so it was concluded that the gelatine adapts to the fluoroapatite structure. [47] Kniep et al. were able to reveal the radial inner structure of this seed crystal by a hexagonal cross section perpendicular to the seed axis, thus disproving the existence of a classical single crystal. [45] It was concluded that the hexagonal seed crystal with single crystalline appearance and scattering behavior is a hierarchically ordered inorganic organic com posite superstructure with periodic orientation of hexagonal primary apatite nanocrystals, [49] or, in our words, a mesocrys tal (see also Figure 1 ).
In a more recent study, the internal nature of the hexagonal seed crystals (Figure 7 , left) was investigated in more detail. [50] Figure 7 (right) shows the growth model for the observed radial outgrowth. It agrees with the mesocrystal scheme presented in Figure 1 but modified for the case of hexagonal building units. [50] The hexagonal pattern, already known from X ray diffraction studies, [47, 48] was also found in high resolution micrographs with subsequent fast Fourier transform (FFT) analysis (Figure 8 , top). Electronic filtering and enhancement of this image revealed structural defects, which were attrib uted to a collagen triple helix strand (white circle Figure 8 , bottom), [50] the memory of the former grain boundaries that are stabilized by organic material.
In addition, a superstructure periodicity of 10 nm was revealed, in good agreement with a tecton or primary nanoparticle size of about 10 nm. [50] Furthermore, TEM of a focused ion beam milled sample showed pores and channels at the grain boundaries containing an amorphous phase, [51] giving final evidence for the mesocrystalline nature of the well facetted hexagonal superstructure (see also Figure 1 ).
Reactions in gels appear to be well suited for the generation of mesocrystals as crystal growth in gels takes place under very high supersaturation [52] leading to increased nucleation of small clusters the building units for the mesocrystals. Simultaneously, convection or turbulence throughout crystallization can be suppressed, thus allowing the interaction potentials between the particles to dominate the mutual alignment of the particles. This process explains why many of the most defined mesocrystals are observed in gels.
Whereas gelatine gels can be considered to interact with inorganic crystals, at least through their charged groups, polyacrylamide gels can be considered to be essentially inert. The growth of CaCO 3 in polyacrylamide gels led to remark able pseudo octahedral calcite mesocrystal morphologies built up of rhombohedral primary nanocrystallites ( Figure 9 ). [53, 54] The external faces of the superstructure could even be indexed and a growth model based on hierarchical aggregation of rhombohedral subunits was pro posed. [53] As already found for the fluorapatite hexagonal seeds, the crystallographic orientation of the subcrystallites is almost perfect, and the organic matrix appears to be interspaced between individual crystallites ( Figure 9 ). [53] However, whereas the fluoroapatite diffraction pattern was that of a single crystal, [47] the calcite mesocrystals indicated a slight orientational distortion of the diffraction spots ( Figure 9 ) corresponding to an average mosaic spread of 3.9 AE 1.1 degrees. This result nevertheless still confirms a high orientational order of the subunits in the mesocrystal. [53] We attribute this difference to the fact that the calcite system contains many vacancies and is potentially twinned (to allow construction of an octahedra from rhombohedra), whereas the particles from Kniep et al. have a higher symmetry and are clearly rather tightly packed.
Varying the polyacrylamide hydrogels by copolymeriza tion with charged acrylamidopropanesulfonate (AMPS) to give polyacrylamide co acrylamidopropanesulfonate (PAAm co PAMPS), the morphology of the calcite meso crystals could be tuned from the pseudo octahedral [53] towards a cubooctahedral morphology with increasing amounts of the charged AMPS in the copolymer gel ( Figure 10 ). [55] The substructure of the mesocrystals from aligned smaller crystals could be nicely visualized ( Fig  ure 10 c,d) .
One important conclusion of this study was that the alteration of the functional groups in the hydrogel changed not the mesocrystal formation as such, but the morphogenesis process, shedding some light onto the question why meso crystals exhibit defined outer faces and how they can be influenced. [55] Mesocrystals can not only be formed in gel matrices with their special slow transport conditions, they can also form directly in solution. Among the first reported three dimen sional mesocrystals was a pseudocubic hematite (a Fe 2 O 3 ) particle. [56 59] For this crystal, the typical but remarkable high orientational alignment of the nanoparticle subunits as well as the iso aligned nanoparticle building units was clear even from electron diffraction images ( Figure 11 ). [59] However the result were interpreted as being from single crystal particles with internal discontinuities. [59] According to this interpreta tion, it was noted that the reported monodisperse polycrys talline hematite particles grow through a dissolution recrys tallization mechanism and not through an aggregation based mechanism, although a "characteristic internal structure" of the pseudocubic particles was suggested. Furthermore, it was noted that the adsorption of anions plays an important role for the morphology and internal structure control where Cl À ions were suggested to remain in the mesocrystal interior. [59] In our opinion, these nice results could also be explained by the controlled aggregation of primary nanoparticles and mesocrystal formation, analogous to the other cases. The experimental results however clearly reveal the nanocrystal line substructure as well as the radial alignment of elongated subcrystals ( Figure 12 ) resulting in different crystal orienta tions according to their position.
Another example for mesocrystals formed directly from solution without any additive is (NH 4 ) 3 PW 12 O 40 . [60 64] In these crystals, nanocrystals were unidirectionally aligned and epi taxially connected to form dodecahedral aggregates, and the analogy of the mesocrystal aggregate to a single crystal in terms of diffraction analysis was underlined. In addition, the mesocrystals were found to be porous. [62] Comparison of the cesium and ammonium salts which precipitated at different temperatures allowed a variation of the degree of order in the mesocrystals. [65] The solubility of the salts was considered to be responsible for the control of the microstructure morphol ogy with the higher solubility favoring the regular polyhedral shape. [65] This result is qualitatively in agreement with the finding that the mesocrystal morphogenesis in gels is influ enced by the functional groups of the gel, which in turn determines the gel crystal surface interaction and therefore the surface conditions of the mesocrystal.
Mesocrystal formation was also observed for Zeolites. [66, 67] In these experiments, the zeolite first forms "nanoslabs" containing 2, 6, 12, or 48 zeolithic unit cells, which then vectorially align to larger structures. TEM however clearly revealed that those bigger units are composed of the smaller building blocks, with all the textures and defects typical for mesocrystals.
A very detailed study on mesocrystal formation directly in solution and subsequent fusion to iso oriented crystals was reported for copper oxalate. [68, 69] In this case, nanoparticles were found to arrange almost perfectly to a mesocrystal, which could be influenced in terms of morphology by hydroxymethylpropylcellulose (HPMC, Figure 13 ). It was found that the polymer influences nucleation, nanocrystal growth, and aggregation by selective interaction of the polymer with the more hydrophobic lateral (110)/(11 1) e faces of an [001] elongated nanocrystal as compared to the hydrophilic (001) a face. [69] Increasing polymer concentration led to the formation of more but smaller crystal nuclei as a result of the decrease of the interfacial tension between nuclei and solution. The specific HPMC adsorption to the lateral e surfaces of the growing nanocrystals, once a sufficient HPMC concentration was reached, led to the formation of anisotropic shapes. Upon aggregation of these nanocrystals, a mesocrystal is formed as intermediate but is apparently not stable because of the low repulsive electrostatic and steric forces. Depletion floccula tion of the weakly adsorbed polymer layers was suggested to be the reason for the depletion of the polymer from the inner mesocrystal surfaces to the outer mesocrystal faces resulting in attraction of the nanoparticles with subsequent nano particle fusion to give an iso oriented crystal. [69] Nevertheless, this iso oriented crystal was shown to be not single crystalline, as line width analysis in wide angle X ray scattering (WAXS) [59] with permission of Academic Press.
reveals the nanometer size of the primary building units, which get smaller with increasing HPMC concentration. As typical for mesocrystals, electron diffraction indicated a minor, but detectable orientational disorder, in this case along the [001] direction, which also supports the nano particle aggregation based mechanism of mesocrystal forma tion ( Figure 14) .
The whole mesocrystal formation process originally proposed is illustrated in Figure 15 . In this case, the role of the polymeric additive on nucleation, growth, and organized aggregation to a mesocrystal is shown, and a coding of the mesocrystal morphology by tuning the surface energies of the nanocrystal building units and thus the nanocrystal morphol ogy is suggested (that is, the morphology of the nanocrystal is a major influence on the shape of the resulting mesocrystal). In this particular case, the mesocrystal appears to adopt the same morphology as the nanoparticles. It is remarkable to note that the copper oxalate mesocrystals retain their morphology and nanometric substructure throughout decom position into copper oxide. [70] In a later and more detailed study on the copper oxalate system, [71, 72] the "brick by brick" aggregation mechanism could be revealed in a time dependent study. [71] However, the mesocrystal core parallel to the [110] direction showed poor organization with increasing order towards the particle surface and with increasing nanoparticle size. The particle density was higher at the hydrophobic e surfaces than the hydrophilic a surface. Kinetic studies revealed a fast nucle ation, growth, and agglomeration onset of primary mesocrys tals leading to the relatively unordered particle core. This step is followed by a much slower growth stage with controlled aggregation as the predominant growth mechanism, which amplifies the mesocrystal morphology. Secondary particle nucleation was found as a competing event. Upon extended ripening, likely by dissolution recrystallization, high energy surfaces were eliminated. [71] This study implies that a meso crystal is more a kinetic, metastable intermediate than a thermodynamically stable product.
The studies were extended onto the related cobalt oxalate dihydrate. [73] As was found for copper oxalate, WAXS showed the crystals were composed from nanometer building units. Atomic force microscopy (AFM) revealed strings of nano domains oriented along the principal axis of the particle (Figure 16 ) and that the lateral and basal faces of the precipitate are composed of stacked nanoparticle layers with a thickness between 5 7 nm. A time resolved HRSEM study revealed the formation mechanism of the mesocrystal (Figure 16 ). [73] Poorly crystal line primary particles (10 nm) first aggregate to form secondary particles (23 nm). The latter subsequently aggre gate to form polydisperse elongated particles (Figure 16 , middle). These elongated particles also aggregate at the end and center of a growing particle (Figure 16, bottom) building the mesocrystal. Afterwards, there is a layer by layer growth by aggregation of primary particles onto the lateral external faces. Thus the mesocrystal is a core shell particle or core shell mesocrystal, where the core is quite disordered owing to the polydispersity of the nanoparticle building units. [73] The presence of steps and kinks on the external faces is reminiscent of classical crystallization models except that the atoms or molecules are replaced by nanoparticles. The changes in supersaturation and thus ionic strength, which is closely associated to colloidal stability of nanoparticles, were suggested to play a major role in the process of ordering the nanocrystals into a mesocrystal because the ordered meso crystal shells were formed at a lower supersaturation than the disordered cores. However, the ordering of nanoparticles to a mesocrystal can certainly not be reduced to the nanoparticle colloidal stability issue alone. An example are CaCO 3 mesocrystals, which are formed by the selective adsorption of poly(styrene sulfonate) PSS onto the highly polar calcite (001) nanoparticle faces. [74] If the nanocrystal is considered as a dielectric, adsorption of PSS onto one (001) face results in repulsion of negative ions from the opposite (001) face so that a dipole field is built up. It was argued that this situation can lead to a controlled arrangement of the nanoparticle subunits to give mesocrystals (Figure 17 ). These mesocrystals are highly porous but show their common mutual high orientation by a rather perfect tensorial birefringence under crossed polarizers. Note that calcite is highly birefringent except when observed from the [001] direction (white plane in the Cerius model, Figure 17 ).
Variation of the CaCO 3 /PSS ratio resulted in very system atic variations of the mesocrystal morphology, including a whole family of highly defined rounded structures (for one case with six elliptic faces, see Figure 17 ). Higher PSS concentrations lead to increasing exposition of the highly polar (001) face, finally resulting in a multicurved convex concave structure with broken symmetry along the [001] direction at high Ca 2+ and PSS concentrations. This result shows the importance of dipole fields as ordering forces for mesocrystal formation. [74] Interestingly, there is evidence that some biominerals are also mesocrystals. For example, sea urchin calcite skeletal elements scatter like single crystals but have a nearly isotropic fracture behavior, which is untypical for single crystalline calcite. Indeed, in a very recent study, an AFM investigation of a fracture pattern of sea urchin skeletal elements revealed a rough, clusterlike pattern without any preferred plane orientation. [75] The detected subunit size was in the range of 30 50 nm. In the same study, a synthetic calcite mesocrystal was reported, which was grown from an amorphous precursor in presence of polyaspartic acid. This calcite crystal consisted of uniformly shaped, oriented, and interlocked planar trian gular growth domains with a length of 80 150 nm, width 40 100 nm, and a thickness of 3 6 nm.
Mesocrystals can not only be obtained for inorganic but also for organic crystals. An advantage of using organic nanocrystals is that these are molecular crystals, where a dipole moment as well as an anisotropic polarizability can be encoded in the molecule. Such mesocrystals are particularly well suited to learn about the mechanism of mesocrystal formation. For example, alanin is dipolar, and thus meso crystals can be formed using a block copolymer additive that has an anionic polyelectrolyte block which selectively adsorbs onto the positive (001) face of dl alanine. This process creates platelets with a dipole moment along the c axis ( Figure 18 ). [30] The dipole moment along the [001] axis leads to the observed stacking of the nanocrystal platelets forming the mesocrystal where the individual building units are interspaced by the adsorbed polymer on (001).
A model example for a mesocrystal formed by anisotropic van der Waals attraction was reported by Taden et al. for dyes with an anisotropic polarizability. [76] Amorphous particle precursors were made in a size controlled fashion by cooling the liquid nanodroplets of a miniemulsion. Spontaneous Figure 17 . CaCO 3 mesocrystals formed in presence of PSS (Ca 2+ 2.5 mm, PSS 1 g L 1 ) a) SEM micrograph of a single meso crystal. b) Cerius 2 calculated morphology of a CaCO 3 single crystal with the mesocrystal morphology (gray (104), white (001)). c) higher magnification clearly indicating the alignment of primary particles and the porous nature of the mesocrystal. d) lowering the PSS concentra tion (Ca 2+ 2.5 mm, PSS 0.5 g L 1 ) results in a curving of the (001) planes. The former (104) planes are now six ellipses, illustrating that mesocrystals can easily exhibit highly defined curved morphologies. rearrangement of many nanodroplets towards well defined linear mesocrystal aggregates was observed, which was accompanied by significant color changes of the dye super structures. These rodike particles could be ripened to larger three dimensional mesocrystals that retained the almost perfect molecular orientation found in the nanoparticle aggregate. This orientation could be demonstrated on turning the ripened mesocrystals under crossed polarizers (Figure 19 , bottom).
The fact that the dipole moment of such dyes is along the molecular axis and coupled to the maximum color allows the difference between polarizability and dipole moment as the driving force for organization to be studied. A high polar izability will lead to a high van der Waals attraction (light faces in Figure 19 , top), a dipole moment will lead to an attraction of different dipoles. As the dye molecules are perfectly aligned perpendicular to the main axis of the mesocrystal, these experiments revealed tensorial differences in the polarizability of various nanocrystal faces to be the driving force for the formation of mesocrystals with the observed high orientational order. Whether or not the nanocrystalline building units in the mesocrystals fused together by oriented attachment [33] to form a single crystal was not revealed.
In addition to the above examples, where mesocrystals are sufficiently long lived to be isolated at least as kinetically stable intermediates, there are also examples where meso crystals can only be postulated as short lived intermediates by indirect evidence in a "classical crystallization" event, [77] which is usually expected to occur by molecule or ion by ion attachment.
In most cases, however, the speed of crystallization events makes the classical molecule or ion mediated crystallization picture unrealistic. For example, Rieger et al. have demon strated that the particle formation from highly supersaturated boehmite solutions is determined by the mixing process, which is orders of magnitude too fast to be covered by classical nucleation and growth theories. [78] Even in the crystallization process of a mineral such as BaSO 4 , which has been intensively studied in the past and which was assumed as a model case for ion mediated crystallization, strong experimental evidence was found that crystallization also progresses by organized mesoscale aggregation and alignment. Judat and Kind analyzed the additive free crys tallization of BaSO 4 for various supersaturation conditions [77] and found clear evidence for a nanoparticle mediated crys tallization mechanism contradicting the classical ion medi ated mechanism. Electron microscopy and diffraction revealed a polycrystalline, but almost perfectly oriented mesocrystalline superstructure of primary BaSO 4 nanocrystal subunits with the typical slight orientational distortions of the superstructure (data not shown; similar to Figure 8 , right). It was proposed that a mesocrystal formed as an intermediate on the way to a porous BaSO 4 crystal and various evidence for the absence of the classical crystallization pathway for this example was collected. [77] However, in other regions of supersaturation, crystallization according to the classical mechanism was also observed.
These examples indicate that the evidence for mesoscale aggregation and organization towards mesocrystals should increase dramatically in the next few years as mesocrystals also appear to be regular intermediates in ordinary crystal lization reactions, which to date were assumed to be ion mediated. Typical areas in the parameter space to expect mesocrystals are high supersaturation ratios or corresponding low solubilities or ion products.
Conclusions
In summary, mesocrystals are oriented superstructures of nanocrystals with common outer faces, and are a new type of colloidal crystals formed from nonspherical, crystalline build ing units. Both the formation as well as the morphogenesis of mesocrystals apparently contradict the classical textbook knowledge on crystallization, where growth of shapes is based on the integration of atomic or molecular building blocks into energetically favorable sites on a growing crystal face. [79, 80] The adsorption of ions or molecules onto the crystal face is followed by subsequent diffusion across the surface to steps and kink sites [81] which leads to a plane by plane growth of a single crystal. The relevant parameters for classical crystallization are molecular solubility (defining the speed of crystallization) and crystal face specific interface tensions (defining growth rates, relative exposure, and therefore the morphology of the crystal).
This type of crystallization is clearly not observed for mesocrystals, which are built from nanoparticle building units, where speed of crystallization and morphology of the super structure are only encoded in colloidal stabilization and vectorial long ranged interaction potentials. This principle delivers new tools and possibilities into the hands of chemists, as it is now possible to generate crystalline nano and mesostructures in a much broader and potentially useful way. The universal applicability of the classical crystallization picture was already questioned for a few years, [82] partly as a result of the careful observation of biominerals.
In addition, mesocrystal formation processes may even be a common crystallization pathway in the formation of single crystals, especially in systems with very low molecular solubilities or high supersaturations. As a result of the progress in instrumentation, direct evidence for such meso crystals was recently discovered, which appear to be valid over a wide parameter space. The reason for the remarkable, almost perfect order of the nanocrystalline subunits which results in diffraction patterns similar to single crystals is still unknown, but tensorial polarization forces and dipole fields are discussed. [45, 74] Indeed, theoretical studies suggest that a nonspherical charged object in an electrolyte creates a screened electrostatic potential that is anisotropic at any distance [83] so that mutual ordering can be induced.
There are however some criteria by which the presence of a mesocrystal either as an intermediate or as the final product can be identified. Even if the nanoparticle orientational order is almost perfect, the porosity in mesocrystals can be quite high as a result of nanoparticle polydispersity and stacking defects during mesocrystal formation. These defects are transformed into pores with organic or foreign ion inclusions upon ripening to a single connected crystal. [77] Organized grain defects or amorphous interlayers can occur in the same way.
The reasons for the formation of the external mesocrystal faces are still unknown. In the most simple case, they maybe simply the reflection of the nanocrystal morphology [69] but in the majority of cases, mesocrystals exhibit external morphol ogies not related to the primary crystal symmetry, sometimes they have the typical rough faces, but a higher symmetry than the primary units, sometimes they even have curved, para bolic, or elliptic faces, as shown in Section 4.
In an extreme case, a mesocrystal can, although vecto rially quite perfectly aligned, completely loose any macro scopic crystalline appearance and can exhibit morphologies like the BaCO 3 helices shown in Figure 20 , which were formed after selective encoding of special faces of the orthorhombic primary nanoparticle building units by additive adsorption. [84] Not only the high alignment of elongated nanoparticles in these helices is remarkable, also the apparent "communication" between the two helices is. Identical morphologies and irregular helix pitch strongly indicate the presence of ordering electric fields in addition to the constraints exerted by the face selective polymer adsorption. Helices from twisted twin subunits were also reported for triclinic K 2 Cr 2 O 7 and H 3 BO 3 , formed in a diffusion field created around a growing crystal in poly(acrylic acid) or poly(vinyl alcohol) gels [85] or orthorhombic K 2 SO 4 in a viscous poly(acrylic acid) solution (PAA). [86] In the latter case, the crystal habit was modified by selective PAA adsorption leading to tilted platelike crystals. This effect is in addition to the diffusion limited growth condition, which controls the assembly of the tilted subunits. Even the direction of the helical turn could be influenced for K 2 Cr 2 O 7 in a gel medium by molecular recognition of the enantiomeric triclinic subunit surfaces by glutamic acid enantiomers. [87] Nanoparticle surface interactions appear to be of impor tance for the formation of a mesocrystal and possibly are also responsible for the formation of external faces, which can be indexed like those of a single crystal. Mesocrystals are a new type of nanostructured matter with potentially exciting applications, either in construction materials (as exploited by nature for biominerals) or as functional ceramics (e.g. with color or magnetic properties). However, there is still much to be learned about the forces guiding mesocrystal assembly and the exact formation mechanisms.
